Each mole of oxyhemoglobin iron converted to methemoglobin causes the oxidation of 1.5 mol of nitrite to nitrate and consumes 1 mol of protons. No oxygen is liberated.
The reactions of nitrite ion in the formation of methemoglobin from oxyhemoglobin are not well understood. At low concentrations of nitrite the reaction is very slow, but after a period of time the rate of reaction increases in an "autocatalytic" fashion (1) (2) (3) . In contrast to oxidation with ferricyanide, essentially no oxygen gas is released from oxyhemoglobin by nitrite even when conversion to methemoglobin is complete (3) . Oxygen is essential for the formation of methemoglobin by nitrite as carboxyhemoglobin is unchanged and the reaction proceeds very slowly, if at all, in nitrogen (2)'. It was observed by chance that oxyhemoglobin preparations treated with sodium nitrite showed an "induction period" that was inversely proportional to the amount of methemoglobin in the original preparation. This report shows that the methemoglobin nitrite complex is required for the rapid conversion of oxyhemoglobin to methemoglobin by nitrite. 
Materials and Methods
Human hemoglobin was prepared from the freshly drawn heparinized or disodium EDTA-treated blood. Erythrocytes were washed three times in 20 volumes of NaC1 solution (9 g/liter). The washed cells were hemolyzed with 10 The buffered O2Hb solution, 3.0 ml, was placed in the cuvette and an original absorbance obtained. The reaction was started by adding 0.05 or 0.10 ml of freshly prepared aqueous NaNO2. The contents of the cuvette were mixed with a Teflon paddle and spectrophotometric recording was started. When the reaction appeared complete, 2-3 mg of K3Fe(CN)6 was added to ensure that no O2Hb remained and the absorbance, A , was recorded. Finally, all metHb was converted to the cyanide derivative by adding 2-5 mg of KCN. The absorbance of the cyanmethemoglobin so obtained, ACN, was used to estimate the total heme concentration and to calculate the theoretical absorbance of the solution when only O2Hb was present, i.e., 1.3 X ACN. The percentage of the total hemoglobin present as metHb was then calculated from the equation:
where A is the measured absorbance, 1.3 ACN is the absorbance expected when all the heme is present as O2Hb, and A,. is the absorbance observed when all the heme is present as the metHb or metHbNO2 mixture. Figure 1 show that the rate of the reaction is slower at higher pH and the "induction period" is prolonged.
Curves similar to those shown in Figure 1 may be obtained at lower pH with less NO2-and at higher pH with greater NO2-concentration.
In all cases there is a continually increasing rate up to about 66% conversion and then a decreasing rate as the reaction approached completion. It will be demonstrated later that the overall reaction as shown in Figure 1 is a result of two reactions occurring together, one of which is insensitive to the presence of CN-and the other so sensitive as to be virtually stopped by cyanide. Results shown in Figure 2 indicate that aquamethemoglobin (the form present at low pH) has absorption maxima near 630 and 500 nm, with shoulders at 575 and 540 nm. At alkaline pH, the methemoglobin hydroxide has maxima only at 575 and 540 nm. The two isosbestic points of aquamethoglobin and methemoglobin hydroxide at 615 and 522 nm observed by Austin and Drabkin (1) are apparent, with a third isosbestic point near 483 nm. Methemoglobin nitrite, the major form present at pH 6 in the presence of nitrite, has an absorption peak near 625 nm and one nearly in common with one for methemoglobin hydroxide at about 538 nm. Methemoglobin nitrite absorbs considerably more strongly at 575 nm than does aquamethemoglobin, but, unlike methemoglobin hydroxide, has no distinct absorption maximum at this wavelength. The similarity of absorption spectra of methemoglobin nitrite and methemoglobin hydroxide, together with the competition of nitrite and hydroxide for the methemoglobin, led Van Assendelft and Zijlstra (8) to conclude that the absorption spectra of methemoglobin nitrite was independent of pH. Similar measurements were made when K;3Fe(CN)6 was used as oxidant. The results in Figure  3 show that, within experimental error, the reaction with nitrite consumes one proton for each iron atom oxidized at all pH values tested. In contrast, the oxidation with K3Fe(CN)6 actually produces protons if the pH exceeds 7.4 but is quite similar to the nitrite reaction at pH 6. the kinetics of the reaction were strictly first order in O2Hb concentration in the presence of cyanide and followed closely the "induction period" of the usual reaction represented in Figure 1 . I studied this cyanide-insensitive portion of the reaction by evaluating the first-order reaction rate constants as a function of pH at constant nitrite concentration and of nitrite concentration at constant pH. It was found that the reaction rate constant for the cyanide-insensitive reaction was directly proportional to the proton concentration (Table 1) with constant nitrite. When pH was maintained constant, the reaction rate increased with increasing nitrite concentration ( Table 2) . Variations in the reaction velocity from direct proportionality were observed but are probably explained by the small differences in pH and in the mixing and starting times for the rapid rates used. It was clear in all these studies that no autocatalytic effect occurred in the presence of cyanide at any pH or nitrite concentration used. The extreme effect of CN-on the overall reaction is illustrated in the solid curves of Figure 4 , which shows a typical autocatalytic reaction at pH 7.25 that was complete in less than 10 mm. In the presence of CN-the autocatalytic effect was completely eliminated and the cya- tetramers into the afl-dimers (12) (13) (14) .
In the presence of 0.5 mol/liter Nal, oxyhemoglobin is about 96% dissociated into dimers (13) . The conversion of such O2Hb dimers to metHb by nitrite is shown in Figure 4 and compared with the same reaction in the absence of NaI where about 74% of the O2Hb is present as tetramers.
The reaction in the presence of Nal was first order, with t 1,'2 = 77 mm, and showed no autocatalytic effect. Addition of cyanide caused the reaction to start somewhat more slowly, giving t112 = 86 mm for the cyanide-insensitive reaction.
Effects of increasing NaC1 concentration are shown in Figure 5 . The inverse of the time required to go from 20 to 90% metHb, 1/t20...0, was used to estimate the reaction rate. Tetramer-to-dimer dissociation constants in 0.1, 1.0, and 2.0 mol/liter NaCl reported by Kellett (13) were used to calculate the initial concentrations of O2Hb tetrainer in the solutions. In the absence of added NaC1, with 74% of the total O2Hb present as tetramers, a value of t2oo = 1.4 mm was observed. Increasing the NaCI to 0.97 mol/liter, a concentration at which 52% of O2Hb is present as tetramers, slowed the reaction to t20 = 1.95 mm. Further increase of NaCl to 1.97 mol/liter, a concentration at which 39% of the O2Hb is present as tetramers, caused an additional decrease in rate to t2g0 = 2.9 mm. Thus with NaCl = 0.97 mol/liter the O2Hb tetramer concentration is 70% of that of the control in the absence of NaC1 and the reaction rate is 72% of the control. In 1.97 mol/liter NaCl the O2Hb tetramer is 52% of the control, while the reaction rate was 48% of the control. These data suggest that the autocatalytic cyanide-sensitive portion of the reaction has an obligatory requirement for O2Hb tetramers. The cyanide-insensitive portion occurs with either the dimeric or tetrameric form, although the rates may differ. These suggestions are supported by the data in Figure  4 , which show that the reaction in the presence of 0.5 mol/liter Nal (96% a-diniers) proceeds nearly the same in the presence and absence of cyanide.
Proposed reaction mechanism.
Data presented above show that the overall conversion of O2Hb to metHb in the presence of excess nitrite may be explained as the sum of two reactions. One of these, the rate-limiting step at the start of the reaction, involves the oxidation of O2Hb to metllb and is unaffected by the presence of CN. The rate of this reaction is directly proportional to both W and NO2-concentration but is independent of metHb. The stoichiometry of the cyanide-insensitive reaction has not been determined. The reaction occurs when the O2Hb is present as dimers or as tetramers, although there is some evidence that dimers react more rapidly than tetramers under otherwise comparable conditions.
The second reaction dominates both the stoichiometry and rate of the overall reaction. Each mole of O2Hb heme that is converted to metHb heme oxidizes 1.5 mol of nitrite to nitrate and consumes 1 mol of H. The rate at constant pH in the presence of excess nitrite is proportional to the product (O2Hb)(metHb)2.
The O2Hb must be in the tetrameric form and metHb must be present as the nitrite derivative, because CN-completely stops the reaction. The preferred tetramerdimer state of the metHbNO2 is not known, as the dissociation constants have not been evaluated for this compound.
Guidotti (12) has shown that the tetramer-dimer dissociation constants for cyanmetHb and O2Hb are similar. This suggests that both O2Hb and metHbNO2 must both be present as tetramers. The autocatalytic nature of this reaction is due to the fact that all metHb present (either endogenous, that formed in the cyanide-insensitive reaction of O2Hb with NO2-, or that formed from the reaction of O2Hb with metHbNO2j will associate with remaining excess NO2-and increase the concentration of this reactant. The reaction rate thus continues to increase until the O2Hb becomes limiting at about 66% conversion.
